Microstructure and erosion-corrosion behaviour of as-cast high chromium white irons containing molybdenum in aqueous sulfuric-acid slurry was studied. The experimental irons contained 28 wt.%Cr with a Cr:C ratio of about 10 and up to 10 wt.%Mo. The irons with up to 6 wt.%Mo are hypoeutectic, whereas the iron with 10 wt.%Mo becomes eutectic/peritectic. Mo addition promotes formation of M 23 C 6 and M 6 C, instead of typical M 7 C 3 . Erosion-corrosion testing was performed in aqueous sulfuric-acid slurry containing alumina particles. The hypoeutectic Fe-28Cr-2.7C-1Mo with mainly M 7 C 3 and the eutectic/peritectic Fe-28Cr-2.6C-10Mo showed reduced wear rates of about 30% and 7% of that of the reference iron without Mo addition, respectively. The reduction of the carbide-matrix hardness difference, the increase of corrosion resistance of the matrices, and the increase of macro-hardness are determining factors for the improvement of erosion-corrosion resistance of the irons.
Introduction
High chromium white cast irons containing 12 to 30wt%Cr and 0 to 3wt%Mo are used as cast wear parts in slurry transport, mining, minerals and cement industries [1, 2] . Hypo-eutectic irons, solidifying as primary austenite dendrites followed by a eutectic mixture of austenite and M 7 C 3 carbides, are mostly used [2] . Molybdenum is added to high chromium cast irons to increase hardenability but also leads to the formation of other hard carbides apart from the typical M 7 C 3 , including M 2 C and M 6 C depending on the Cr/C ratio of the irons [3] .
Wear behaviour of high chromium cast irons is complicated and depends highly on conditions during testing methodology. Hot wear resistance of Fe-20Cr-3C irons, containing up to 10 wt.%Mo and heat-treated by destabilization at 1223 K for 3 h followed by tempering at 800 K for 5 h, has been studied by Ikeda et al. [4] . Dry wear testing was performed by rolling friction of two induction-heated disks at high temperature (773 K) and weight loss was measured after a controlled rolling revolution. It was found that the weight loss decreased with the increase in Mo content, because of an increase in harder eutectic M 2 C instead of the typical M 7 C 3 . The role of eutectic M 7 C 3 and M 2 C carbides on improvement of wear resistance of Mo-containing high chromium cast irons is two folds: one by resisting abrasive wear of the matrices, another by creating obstacles to the propagation of wear cracks. Liu et al. [5] studied dry abrasion resistance of Fe-40Cr-4.5C-8Ni-9Nb-5Mo test alloy in comparison to that of hypoeutectic Fe-25Cr-2.9C iron widely used in high temperature applications. A low stress wear tester was utilized consisting of rotating specimen holder in a stainless steel tank filled with quartz sand and an electrical furnace to heat the abrasive sand. The average wear rate of the Mo-containing test alloy was only 36% of that of the 25Cr standard iron, indicating superior high temperature abrasion resistance. This was attributed to the hypereutectic structure of the test alloy containing primary carbide and the domination of micro-grooving and brittle fracture in wear process of the test alloy. Sliding wear behaviour of Fe-17Cr irons with up to 5 wt.%Si and 0.3 wt.% Mischmetal containing rare-earth metals has been studied by Bedolla Jacuinde and Rainforth [6] . It was concluded that the wear resistance correlated directly with the deformation depth and the depth to which carbide fracture occurred. Reduction in carbide size and connectivity by modifying alloy chemistry can minimize wear rate. Kim et al. [7] studied dry sand/rubber wheel abrasion wear behaviour of duo-cast materials composed of Fe-(17 to 31)Cr-(2.6 to 2.8)C irons and a low chromium steel. The Fe-17Cr-2.6C iron with eutectic carbides instead of primary carbides has better wear resistance, even though showing a lower hardness due to lower carbide volume fraction. Eutectic carbides were hardly cracked or spalled off during the wear process. In the as-cast alloys, the matrix/carbide hardness difference is large, so the matrix is selectively worn during the wear process, whereas the hardness difference is reduced in the heat-treated alloys due to austenite-to-martensite transformation and hence the wear resistance can be improved. Cardoso et al. [8] recently reported the wear performance of Fe-18Cr-3C-1Mo iron and some austempered ductile irons in a rotating device with an initial abrasive of 50% sand and 50% gravel.
Concerning wet conditions without corrosive media, Albertin and Sinatora [9] tested cast iron balls produced from Fe-(12 to 25)Cr-(1.6 to 3.5)C with carbide fractions of 13 to 40% by wet, ball milling with hematite (400-600 HV), phosphate rock (about 300 HV) or quartz sand (about 1000 HV) as abrasives and noted that the effect of carbide volume fraction on the wear resistance of high chromium cast irons depends on the abrasive hardness. For a very hard abrasive such as quartz, increasing the carbide volume fraction in the same metallic matrix lead to increasing wear rate by a mechanism combining rapid removal of the metallic matrix followed by micro-cracking of the carbides, consequently a martensitic steel presented the best performance against the quartz abrasive, as compared to that of high chromium cast irons. For softer abrasives such as hematite or phosphate rock, carbides can effectively protect the metallic matrix against the micro-cutting mechanism, so that wear rate decreases as the carbide volume fraction increases, up to the eutectic composition. The superior performance of austenitic cast irons in pin tests is not reproduced in the ball mill test, because low resistant matrices such as pearlite and austenite result in subsurface carbide cracking and low wear resistance in the ball mill test. Walker [10] reported wear rates of slurry pump side-liners made from Fe-27Cr-2.8C and hypereutectic Fe-30Cr against of those made from natural rubber and grey cast iron using silicious ores as abrasive. Llewellyn et al. [11] reported a wear ranking from the Coriolis erosion test data of several hypoeutectic and hypereutectic high chromium cast irons (up to 44% carbide volume fraction) against a standard AISI1020 steel using a slurry of silica sand (212-300 µm) as erosive medium. In this work chill cast, hypereutectic Fe-35Cr-5C iron with very fine primary carbides showed exceptionally high Coriolis erosion resistance. Stachowiak et al. [12] performed ball-cratering abrasion testing of Fe-25Cr-2.3C (hypoeutectic), Fe-27Cr-3C
(hypoeutectic) and Fe-30Cr-4.5C (hypereutectic) irons using large (250-300 µm) silica sand and crushed quartz slurries and a reverse wear resistance ranking as 25Cr>27Cr>30Cr was found which was completely opposite to their performance in slurry pumps in which the irons suffered from a lower stress. However, Ribeiro et al. [13] studied Fe-13Cr-2.6C and Fe-19Cr-2.8C irons in the as-cast condition as compared to a chilled ductile cast iron by a ball-cratering test using SiC slurry and the 19Cr iron with a higher chromium content exhibited the best wear resistance. Less information can be found for the wear behaviour of high chromium cast irons in wet conditions with corrosive media. Relative erosion-corrosion wear rate of Fe-(15 to 30)Cr-3C has been reported [14, 15] and the as-cast irons with 25-30 wt.%Cr showed promising erosion-corrosion wear resistance. Gates et al. [16] studied synergistic corrosion-abrasion of cast wear-resistant materials in nitric acid and suggested that the Fe-15Cr-1.4C iron with an austenite matrix was the most resistant to synergistic corrosion-abrasion. Llewellyn et al. [11] noted that the higher Cr:C ratio in high chromium cast irons can be beneficial in certain applications where corrosion contributes significantly to overall attack.
Wear behaviour of high chromium cast irons under severe environments with erosion from hard mineral particles and also corrosion from aqueous acidic media (classified as low impact angle, low stress erosion with corrosion) is of interest. Examples of such situation are slurry-pump parts used in hydrometallurgical metal-extraction plants. Therefore, in the present work, microstructure and erosion-corrosion behaviour of as-cast Fe-28Cr-2.6C irons containing up to 10 wt.% Mo addition in aqueous sulfuric-acid slurry were studied. Details of electron microscopy of these irons have been reported elsewhere [17] . It was found that erosion-corrosion resistance increased as the Mo content in the irons increased. Determining factors responsible for the improvement of erosion-corrosion resistance of the irons include the reduction of carbide-matrix hardness difference, the increase of corrosion resistance of the matrices, and the increase of macro-hardness. The hypoeutectic and eutectic/peritectic as-cast high chromium white irons with Mo addition exhibited a promising performance in a severe erosion-corrosion environment of aqueous sulfuric-acid slurry. TABLE 1 shows chemical composition of the irons used in this experiment, which were cast at about 1500
Experimental methods

Materials
• C into dry sand molds as cylindrical bars with 25 mm in diameter ×300 mm in length. They were studied in the as-cast condition.
Microstructural characterization
Microstructure of the irons was investigated by scanning electron microscopy (SEM) using a JEOL R 5910LV scanning electron microscope operated at 5 and 15 kV and a working distance (WD) of 10 mm. Specimens for SEM were cut from the cast cylindrical bars as 25 mm in diameter x 15 mm height and prepared by a standard grinding and polishing procedure.
Volume fraction of microscopic constituents was determined from area fraction in SEM micrographs using the ImageJ R software. The average values were based on 3-10 different areas. 
Hardness of the irons
Polished specimens were indented to determine Vickers macro-and micro-hardness of the irons. A Brooks R MAT24 macro-hardness tester (operated at 30 kgf for indentation time of 15 s) and a Galileo R Microscan OD V.98 micro-hardness tester (operated at 100 gf for indentation time of 15 s) were utilized. The average values were based on 10 different areas.
Erosion-corrosion testing
Specimens for erosion-corrosion tests were cut from the cast cylindrical bars as 25 mm in diameter ×15 mm height. A erosion-corrosion testing machine designed in our laboratory was utilized. The specimens were ground down to 1,000 grit by SiC papers and mounted at an inclined angle of 15 degrees in a holder, which was then immersed in a synthetic slurry and connected to a motor rotated at a controlled speed of 500 rpm. The slurry was prepared from 2 M aqueous sulfuric acid solution mixed with alumina particles (2035 HV) with the solid-to-liquid ratio of 200 g/L. These are comparable to conditions of the slurry in hydrometallurgical zinc-extraction practice. The temperature of the aqueous acidic media was controlled during the test at 40
• C by blown-air cooling. After particular testing times up to 100 h, the specimens were washed in acetone and dried. Weight loss (in g/cm 2 ) from specimens was measured with are accuracy of 0.0001 g. The average values of weight loss were based on 3 specimens. The worn surfaces and morphology of the alumina particles were also studied by scanning electron microscopy.
Results and discussion
Microstructure of the experimental irons
Microstructure of the as-cast high chromium white irons in this experiment is shown in Fig. 1 . The reference iron (R), the Mo1 iron, and the Mo6 iron are hypoeutectic, consisting mainly of primary dendritic austenite and eutectic (austenite+M 7 C 3 ). Partial transformation of austenite to martensite during cooling was also observed in the matrices. Mo promotes formation of M 23 C 6 and M 6 C, which were also found together with M 7 C 3 in the Mo1 and Mo6 irons (Figs 1(b-c) ). Areas where carbide transition as M 7 C 3 (M 2.3 C) → M 23 C 6 (M 3.8 C) → M 6 C were also observed in SEM. At higher level of Mo addition in the Mo10 iron ( Fig. 1(d) ), the microstructure becomes eutectic/peritectic, containing M 23 C 6 and M 6 C without M 7 C 3 . Details of phase identification by electron diffraction and energy-dispersive X-ray microanalysis in transmission electron microscopy have been reported elsewhere [17] . 
Metallography and hardness of the irons
The total volume fraction of carbides, the micro-hardness of dendritic austenite/martensite matrices, and the macro-hardness of the irons are given in TABLE 2. The total volume fraction of carbides in the R iron is about 37%, slightly higher than that in the Mo1 iron (33%). In Mo-containing irons, the total volume fraction of carbides increased from about 33% up to 46% as the Mo content in the irons increased from about 1 up to 10 wt.%Mo, respectively. It should be noted that this is the total volume fraction of all types of carbides, which were changed from the typical M 7 C 3 to M 23 C 6 and M 6 C with increasing Mo content. The micro-hardness of dendritic austenite/martensite matrices increased only when the Mo content was less than 6 wt.%, beyond which more addition of Mo had no beneficial effect. However, overall the macro-hardness of the irons increased continuously as the Mo content was increased in the range of 1 to 10 wt.%. Even though the hardness of M 23 C 6 (800 HV) is less than that of the M 7 C 3 (1025-1500 HV), the presence of very hard M 6 C (1200-1800 HV) and the hardness increase of the Mo-containing matrices cause a continuous increase of the macro-hardness of the irons. 
Erosion-corrosion test
Morphology of the abrasive alumina particles observed from SEM is shown in Fig. 2 . The aggromerate size, when the particles has not been dispersed in liquid media, is about 45 µm as shown in Fig. 2(a) . However, after ultrasonic dispersing in acetone, the average particle size is about 5 µm as shown in Fig. 2(b) . The average particle size after dispersion is generally less than the thickness of carbides or matrices in the irons, as compared in Fig. 1 . This means that the impact by each alumina particle during erosion-corrosion test can take place on individual phases in the irons. The shape of dispersed alumina particles is platelet. Weight loss after erosion-corrosion testing as a function of testing time given in TABLE 2 was plotted in Fig. 3(a) , where a linear correlation was assumed for all cases and hence wear rates in g/(cm 2 .h) were determined from the slopes. Wear rates of all irons were plotted versus several factors including the Mo content (wt.%), the total volume fraction of carbides, the micro-hardness of dendritic matrices, the hardness difference between dentritic matrices and carbides, and the macro-hardness of the irons in Fig. 3(b to f) , respectively. Clearly, the influence of Mo in increasing erosion-corrosion resistance is more pronounced at lower Mo content as can be seen from Fig. 3(b) . By 1 wt.%Mo adddition, the wear rate of the Mo1 iron was about 30% of that of the R iron without Mo addition. For the Mo content in the range of 1 to 10 wt.%, a linear correlation can be estimated between erosion-corrosion wear rate and wt.%Mo as : wear rate (g/(cm 2 .h)) = 0.0204 -0.00157(wt.%Mo). Correlations between the wear rate versus Fig. 3. (a) weight loss after erosion-corrosion testing as a function of testing time, (b to f) plots of wear rate versus the Mo content (wt.%), the total volume fraction of carbides, the micro-hardness of dendritic matrices, the hardness difference between dendritic matrices and carbides, and the macro-hardness of the irons, respectively wt.%Mo (Fig. 3(b) ), the carbide/matrix hardness difference (Fig. 3(e) ) and the macro-hardness of the irons (Fig. 3(f) ) show the same trend. Therefore, it can be suggested that the reduc-tion of the carbide/matrix hardness difference, the increase of corrosion resistance of the matrices, and the increase of macro-hardness are key factors responsible for the improvement of erosion-corrosion resistance of the irons. Despite a general suggestion that the wear resistance of high chromium cast irons and carbide-containing materials should relate to the carbide volume fraction rather than the hardness of materials [15, 18] , it is apparent from the results in the present study that the erosion-corrosion wear resistance of Mo-containing irons under the environment of aqueous sulfuric-acid slurry relates better to the macro-hardness of the irons than the total carbide volume fraction.
SEM micrographs of worn surfaces are shown in Fig. 4 . For the reference iron, the relatively soft and low corrosion-resistant metallic matrices were rapidly worn out by micro-cutting mechanism leaving the harder eutectic M 7 C 3 forming the hills, which were later cracked or spalled off. The surfaces of Mo-containing irons are more uniform, indicating a retarded wear rate of the harder and corrosion-resistant matrices and hence an effective support of the carbides by the matrices in these irons. Eutectic/peritectic carbides with less carbide spacing in the Mo10 iron effectively protected the matrices resulting in the best erosion-corrosion resistance. This agrees with the suggestions by Kim et al. [7] that eutectic carbides can effectively improve abrasion wear resistance and by Llewellyn et al. [11] that the higher Cr:C ratio can be beneficial in applications with corrosion. 
Conclusions
In the present work, the experimental as-cast Fe-28Cr white irons with the Cr:C ratios of about 10 and containing Mo up to about 6 wt.% are hypoeutectic, whereas the iron with a higher Mo addition at about 10 wt.% becomes eutectic/peritectic. Mo addition promotes formation of M 23 C 6 and M 6 C, instead of typical M 7 C 3 . The macro-hardness of the irons increased continuously within the range of Mo addition in this study. Erosion-corrosion wear resistance under the environment of aqueous sulfuric-acid slurry increased with increasing Mo content in the irons. The hypoeutectic Fe-28Cr-2.7C-1Mo with mainly M 7 C 3 and the eutectic/peritectic Fe-28Cr-2.6C-10Mo showed reduced wear rates of about 30% and 7% of that of the reference iron without Mo addition, respectively. The reduction of the carbide-matrix hardness difference, the increase of corrosion resistance of the matrices, and the increase of macro-hardness are determining factors responsible for the improvement of erosion-corrosion resistance of the irons.
